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Abstract

Experts in geodesy assess (measure) only the aigmals of the dynamic system during the
monitoring of buildings. Input signals that act thke structure behaviour are oftenknown

in practice. The aim of this paper is to show tlsgibilities to simulate and predict the
subsidence of the structure when the input siga@sot known (kinematic model). Forms of
transfer function models (ARX- AutoRegressive watkternalinput and AR- AutoRegressive
model) are used for the modelling of deformationcessses. It also reveashigh level of
applicability for defining the parameters of thedebwhen the wide class of the processes is
described witlthe assumed form of the transfer functions.

This paper describes the complex form of the ingud output signals when examining
subsidence of building. Subsidence is a processhnikidescribed by a differential equation
of the first order. The whole system (structuraput signal and subsidence - output signal) is
the first order system. Graphic layout of the fiostler system response and the form of
transfer function for subsidence is shown in thpepaThe difference in the percentage of
simulations and predictions of these models is shiova simulated example.
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1 INTRODUCTION

Physical interpretation of the deformation proagises the mathematical relationship
between input and output signals. Mathematical eotions can be made using the natural
laws of continuum mechanics or using the systemtifieation. The application of the
natural law leads thypothetical assumptions and complex models. Sysatentification
involves modelling based on measurements.

The system identification is appliedrtmodels of shaped transfer function (Milovanovic 201
Milovanovic 2012, Kaloop, Li 2014) or to modelsstate space in the case of a time-
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invariant linear system (Eichhorn,2006; Kuhlman®Q2, Mastek-Ivi¢, Kahmen, 2001,
Chatzi, Smyth 2009).

In most cases theonlinear processes whicdlecur in nature can successfullydescribed
with this model. However, when the strong nonliitgaoccursthen the artificial neural
network with theback propagation algorithm which haso layers (one hidden layer and
output layer) is generally applied (Heinen 1999ldéa, Li 2014).

Unfortunately, during the monitoring of structutés input signals are unknowngarveyors
in most cases. Surveyors only meaghesoutput signals - displacement vectors. Also,
calculations of experts in civil engineering aradxhon hypothetical assumptions, which do
not have to correspond to reality. The informatiegarding soil proves to be the most
unreliable factor.

This paper analyzes the accuracy of the modelhrtge time domain when the input signals
are unknown in case of constructsubsidence. The simulated data is used in the deamp
Modelling is done using the ARX- AutoRegressivehngiXternal input model (known values
of input and output signals at discrete momenit®) AR- AutoRegressive model (known only
to the value of output - shift) transfer functiamd alsahe model when the form of transfer
functions are assumedalidation and comparison of these models is peréal by applying
criteria for the case of one step ahead predi@mhsimulation.

2 METHODS

2.1 THE COMPLEX FORM OF THE EXPONENTIAL FUNCTION

The exponential functiofi(t) = Ae % h(t), as shown in Figure 1, is used to model the
deformation process due to its own load (subsidentee building). The complex form in
the continuous system is

F(s) = L[Ae™ ()] = A [ e~ (@*)tdr =
and in thadiscrete system is
G(2) = ZAe™h(t)] = ATgoe %zt = 2 2
where:h(t)- unit step (Heaviside) functiod- Laplace operatot/- Z operator.

A
s+a’

1)

2.2 THE ASSUMED FORM OF THE TRANSFER FUNCTION FOR THE FIRST
ORDER SYSTEM

Subsidence of construction, displacement causexshéyges in temperature or dlyangesn
the reservoir level can be described by the firdepdifferential equations.
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Fig. 1 Exponential function Fig.2 Response of thiest order system

(Stojic, 1999) (Stojic, 1999
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Let the input signal (construction's load on thié sotest load), which is constant, affect on
the system currently (in the short term). The ingpghal is called Heaviside signal.

In Figure 2 it can be seen that the growth of fiomst is slowein the beginning, and then
takes the form of an inverse exponential functwhich indicates that it is the first-order
system when by the step input signal. The trarfafestion is

_ _Kst 15
F(s) = TopS+1 € 3)
The static gain is obtained in the following manner
Kst — YSt_:’nov' (4)

wherey,; Is the old stationary value of the output sigridha moment of excitation, and
Ynov 1S thenew stationary value of the output signal thatsitslelished enough long/some time
after excitation with step signal of teseze A. The time constant of the obj&g} is inversely
proportional to the slope of the steepest tangeptr@sponse of thabject. The system

t

Kgte Top

response is a function of(t) = h(t — 1), and the differential equation is
ob

Topd + ¥y = Koch(t = 7). 5) (
It is well known thageodetic measurements of height difference bydseiad methods are
low-frequency measurements for tbag periodic changes. The measurements are not
performed continuously, for example they are penfet at the moment of the load
application, and the load is gradually applied ngiitonstruction of the building. Because of
the foregoing reasons it is not possible to deteenthe time delay with geodetic methods, so
that the transfer functions (3) dot containe ™ (7 - time delay).

3 RESULTS

Analysis of application possibilities of t#R- model and of thassumed form of the transfer
function was performed on simulated data ingk@mple, which is taken from Maksimovic,
Santrac 2001. Simulation of ground subsidence me dy formulas for the surface subsidence
due to consolidation of the clay layers every 3@sdiuring the two years - 26 epochs of
measurement. The standard deviation of the measumtsrof height differences on the station
0.3 mm were adopted. In this paper we desdhbanodelling of the height difference from
the benchmark on the stable ground toldechmark on the object. Modelling of the entire
network is not shown due to the limitation of spacthis paper.

SETTING OF THE PROBLEM

Theload of 0.1 MN/n? was applied over a wide ar&sa short period aime. Profile of the
field is a medium plastic clay 05.5 m thickness. It imtersected by the horizontal layer of
sand of 0,5 m thicknesBelow the clay is an incompressible and waterpsooface The
module of compressibility of clay i5.0 MN/n7, the coefficient of consolidation is

5*10™ cnv /s

Figure 3 shows thealculated subsidence of the constructiod the input signal - the
average degree of consolidation. The values oiniingt signal are obtained from the
geomechanical calculation of the field consolidatio
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Fig.3 Calculated subsidence and #nerage degree of consolidation
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The measured data are detrending by differencteedfrst order. This way of detrending did
not lead to the stationary of the process. Modglby stationary data wahown in
Milovanovic 2012, and it was shown that there wasignificant difference in themodel

with stationary and no stationary data. Also,phgsical effect of the signal is preserved
whenthe difference of the first order is used and tt@meated parameters of the modah be
physically explained. The structure of the modaletermined on the analysis of time series
in the time domain and the test of parameters fogimice. For the assessment of model
parameters were used 70% of data, specifitiadyfirst 18 epochs of measurement.
Parameter estimation was performed using the $epstres. The parameters for the assumed
form of transfer function (TF) are defined as falo

The time constant of the object is obtained asdle of the second and thest first-order

difference

_v'@®
b wiqy

and thestatic gain is determined from the expression

1
w(2)
Kst — fob _2T>»
e Top

T = 0.0822 — samplingw?!- thefirst-order difference.
Figure 4 shows a graph of fitting simulated datd predict one step ahead for ARX-, AR-

and TF- models. Parameter estimation with a stahdiewiation of estimation and with
percentages of fitting for simulation and prediotare given in the table below.

Kee —L
y(®) =-Le Tob
Tob

= (0.426 [month]
Kyt

= —0.0156]

mm

mont

Model | Form of the model Estimation of o Simulation| Prediction
parameters Fit [%] Fit [%]

ARX y(t) = bu(t) + e(t) -100.39 mm 470 mm 96.8 95.6

AR y() +ay(t—1) =e(t) |-0.506 0.209 47.4 92.6

TF t Top 87.1 94.7
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Fig.4 Simulated and predicted measurement

4 CONCLUSION

System identification based on the measurementapgieed to predict the behaviour of the
structure as a function of the input signal overetiand alsdo check the static calculations of
the structure. Reliability of construction calcidatis between 70 — 80%. The reliability of
themodels obtained by system identification, as shmathe example, is high.

In this paper, it is shown that the AR- model iplagable only for prediction . Percentage of
fitting for the prediction obne step ahead is very good: 92.6%. The TF- madebe
successfully used for the simulation as well agHeprediction of subsidence. The advantage
of this model is that theystem parameters can ®eluated from the first three epochs of
measurement. The verification of the building petj®ased on the model which is obtained
at the beginning of the construction, is carrietearly, so that it can be correciadan early
stage oftonstruction if necessary. Timelines of observatiomst be carefully planned in
order to monitor the course construction of thédig adequatly and tget a reliable model
of the process too. Timelines need to be defimethe basis of sampling theorem. It states

that the sampling isi of the time constant of the system, which corragigdo the time
required when theutput signal reaches 63% of the total value.
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